In this work we have used the recent cosmic chronometers data along with the latest estimation of the local Hubble parameter value, H0 at 2.4% precision as well as the standard dark energy probes, such as the Supernovae Type Ia, baryon acoustic oscillation distance measurements, and cosmic microwave background measurements (PlanckTT + lowP) to constrain a dark energy model where the dark energy is allowed to interact with the dark matter. A general equation of state of dark energy parametrized by a dimensionless parameter 'β' is utilized. From our analysis, we find that the interaction is compatible with zero within the 1σ confidence limit. We also show that the same evolution history can be reproduced by a small pressure of the dark matter.
INTRODUCTION
According to the present observations, dark energy and dark matter are two chief constituents of our universe comprising respectively about 69% and 26% of its total energy [1] . The dark energy (DE) is the one which has an effective negative pressure (the equation of state parameter
) and drives the alleged late accelerated expansion of the universe while the pressureless dark matter component is responsible for the structure formation of our universe. The remaining 5% of the total energy of our universe is contributed by the baryonic matter. Now, to portray the cosmic evolution one can construct several cosmological models with the available observational data from different independent sources. Amongst them the current observations favor the so-called ΛCDM cosmology, in which the cosmological constant Λ acts as a dark energy. However, ΛCDM cosmology encounters a big problem, the "cosmological constant problem" [2] , which is related to the huge descrepancy between the theoretically predicted and the observationally required values. So, an alternative to ΛCDM cosmology, namely the wCDM cosmology [3] was suggested in which the equation of state parameter for the dark energy w ( = −1), could be either a constant or evolving with the cosmic time while both DE and CDM are conserved separately. But, this has the cosmic coincidence problem [4] which questions "why the energy densities of dark energy and matter are of the same order while they evolve completely differently with the evolution of the universe?". We note that ΛCDM cosmology can not escape from the coincidence problem too. It was suggested that a mutual interaction between * Electronic address: d11102004@mail.dlut.edu.cn † Electronic address: narayan@iiserkol.ac.in ‡ Electronic address: span@iiserkol.ac.in dark matter and dark energy can potentially resolve this issue. This would mean that the total energy of dark matter plus dark energy is conserved unlike their separate conservation as in ΛCDM or wCDM cosmology. The idea of an interacting dark sector raised a lot of interest for several reasons. The inclusion of interaction provides richer and wider possibilities and reduces to the usual non-interacting cosmology under the low interaction limit. However, recently, a large number of investigations argue that the current observational data prefer a nonzero interaction in the dark sector [5] [6] [7] [8] [9] [10] [11] [12] [13] . For a review of the interacting models, we refer to [14, 15] ).
In the present work we have considered a scenario where the cold dark matter and the dark energy are interacting with each other. Specifically, we have considered the spatially flat Friedmann-Lemaître-Robertson-Walker (FLRW) universe where both CDM and DE have barotropic equations of state, and in addition to that, the equation of state for DE is varying with the cosmic evolution. We have considered a general equation of state for DE whose nature is characterized by a dimensionless real parameter β. For β = 1, −1, one recovers the Chevallier-Polarski-Linder (CPL) [16, 17] and linear parametrizations [18] [19] [20] respectively, on the other hand for β −→ 0, one recovers the logarithmic parametrization [21] . For any values of β other than (−1, 0, 1), we have a wide variety of dark energy parametrizations. Our aim is to constrain the interaction between CDM and DE where the later component, i.e., DE, has a dynamical equation of state, with the use of the recently released cosmic chronmeters data, local value of the Hubble parameter estimation as well as with other standard dark energy probes.
In the presence of the interaction, the dark matter will have a departure from the standard ' 1 a 3 ' form. This departure can in fact be the result of the presence of a small pressure of the dark matter in a non-interacting scenario. We also discuss this possibility with the same observational data sets. The constraints on various cosmological parameters are very close in these two descriptions. The major qualitative difference is in the evolution of the matter density. The density of the cold dark matter redshifts faster than the standard 1 a 3 rate in the non-interacting case, whereas it redshifts slower than the standard CDM in the interacting scenario.
The paper is organized as follows. In section 2 we briefly describe the background equations. Section 3 introduces the models on variable equation of state for DE. Section 4 briefly describes the observational data sets employed in our analysis. In section 5 we present the results of the analysis. In section 6, we discuss the possibility of replacing the interaction by a small pressure of the dark matter. Finally, in section 7 we include a discussion on the results obtained.
INTERACTING DARK ENERGY
We consider that the geometry of our universe is described by a spatially flat FLRW universe whose line element is given by
where a(t) is the scale factor of the universe. Now, in such a background, one can write down the Einstein's field equations as In what follows, we shall assume that DE and CDM interact with each other and thus are not conserved by themselves, they do so only in tandem. Furthermore, it is also assumed that the DE formally mimics a fluid, and its energy momentum tensor can be written in the fashion as one does for a fluid. In the presence of this interaction, using the total conservation equation u µ T µν ;ν = 0, in which T µν ;ν denotes the total energy-momentum tensor of the dark fluids defined by
where Q is the interaction between DE and CDM. The pressure of the fluid representing the CDM is chosen to be zero as usual.
There is no general form of the inetraction Q, vaious forms are chosen as an ansatz. Typical choices found in the literature are like Q ∝ ρ dm , Q ∝ ρ DE or Q ∝ (ρ dm + ρ DE ), or even more complicated forms. There have been an extensive analysis with different phenomenological interactions in the last couple of years . However, another possibility with which one may model the effect of interaction is to choose a small deviation, of the evlution of the CDM, from its standard evolution with the scale factor as ρ dm ∝ a −3 . That means, one may consider that due to presence of interaction between these sectors, cold dark matter evolves as [9, 10, [46] [47] [48] 
where ρ dm,0 is the present value of ρ dm and δ indicates the interaction between DE and CDM. In general, δ could be either constant or time dependent, but its value should be small as the evolution of the CDM cannot deviate much from the standard ρ dm ∝ a −3 . In our investigation we consider δ to be varying very slowly with the evolution of the universe, such that its variation over a time less than the Hubble scale can be safely neglected, i.e.,δ ∼ 0.
It is readily seen that δ = 0 is the non-interacting scenario. Furthermore, one can understand the direction of the flow of energy by the sign of δ. If δ < 0, then with the increase of the scale factor, ρ dm decreases more rapidly than its standard redshift without any interaction, hence, one can identify that due to presence of interaction the energy flow occurs from CDM to DE. Follwoing the same line, δ > 0 indicates the energy flow from DE to CDM. We now assume that the dark energy satisfies an equation of state w DE = p DE /ρ DE , where w DE is identified as the equation of state parameter for DE. For a constant w DE , a recent analysis can be found in [9, 10] . In particular, in [9] it was shown that an interaction is mildly favored by the combined analysis of several observational data and the equation of state w DE could be of a marginally phantom character, that means w DE < −1. On the other hand, Kumar and Nunes [10] showed that the same interacting scenario with constant w DE , in presence of massive netrinos, indicates a small interaction but the equation of state parameter w DE exhibits a quintessential behavior, i.e. w DE > −1, which is different from [9] . This difference might be due to the massive neutrinos in the background evolution. In the present work we will concentrate on the possible evolution scenario when w DE is variable. Now, inserting (5) into (4) one arrives at the following first order differential equation,
and consequntly one can find the evolution of ρ DE as
where ρ DE,0 is the present value of ρ DE , f (0) is the value of f (z) at z = 0 and f (z) is given by
Thus, it is clear from equation (7) that for any given w DE as a function of z, DE evolution can be found out. Let us remark that using the evolution of CDM as in (5) into the balance equation for CDM in (4), one finds the evolution of the interaction Q = δHρ dm,0 a −3+δ = δHρ dm , which means that δ enhances the interaction between the dark sector. Now, from the first equation of (2) it is easy to write
where Ω r0 + Ω b0 + Ω dm,0 + Ω DE,0 = 1. A subscript 0 indicates the present value of the quanity.
EVOLVING DARK ENERGY MODELS
Parametrization of the equation of state of the dark energy may be considered in various ways. In fact, three different parametrizations are most commonly used, namely (i) Chavallier-Polarski-Linder (CPL) [16, 17] , (ii) linear [18] [19] [20] and (iii) logarithmic [21] paramerizations, described respectively as
where w 1 , w 2 , w 3 are real constants, and w 0 is the present value of w DE .
However, it is interesting to note that the above three dark energy parametrizations can be written in a single parametric way characterized by a single parameter 'β' which yields all the three as special cases. The general equation is given by
where w 0 is the present values of w DE and w β is a real parameter. The parametrization in eqn. (13) was introduced by Barboza et al [49] . Now, it is easy to see that for β = 1, CPL parametrization [16, 17] is recovered. Similarly, one can find the linear parametrization [18] [19] [20] for β = −1. Finally, in the limiting case β −→ 0, one easily finds the logarithmic parametrization [21] .
Other values of β describes a very wide range of parametrization of the dark energy equation of state. However, in the current work we shall consider a single general model, namely that given by (13) and check how β is constrained, along with other cosmological parameters by the observational data sets. We note that for the single parametrization given in eqn. (13), f (0) = 1 where f (z) can be found in eqn. (8) . In Figure 1 we describe the qualitative evolution of w DE (z) for w β > 0 as with different values of the β parameter such as −2, −1.5, −1, −0.5, 0.001, 0.5, 1, 1.5, 2. We fix w β = 1. Since the current value of the dark energy equation of state is very close to −1, we take w 0 = −0.99. We mention here that there is no significant qualitative change in the nature of the plots will be seen for different values of w 0 , and also for small positive values of w β .
THE OBSERVATIONAL DATA
We shall briefly discuss the data sets that are used in the present work in order to constrain the parameters in a scenario where the dark sectors interact amongst themselves.
Cosmic chronometers data
The cosmic chronometer approach is a method to determine the Hubble parameter values at different redshifts with the use of most massive and passively evolving galaxies in our universe. These galaxies are known as cosmic chronometers (CC). The idea is to determine dz/dt and hence the Hubble parameter H(z) = − (1/1 + z) dz/dt. Since the measurement of dz is obtained through spectroscopic method with high accuracy therefore a precise measurement of the Hubble parameter lies on the precise measurement of the differential age evolution dt of such galaxies, and hence these measurements are considered to be model independent. A detailed description about cosmic chronometer method can be found in [50] . Here, we use 30 measurements of the Hubble parameter in the redshift interval 0 < z < 2 [50] .
Local value of the Hubble parameter (H0)
Along with the cosmic chronometers data, we include the local value of the Hubble parameter which yields H 0 = 73.02 ± 1.79 km/s/Mpc with 2.4% precision as reported in [51] . Supernovae Type Ia (SNIa) provided the first signal for an accelerating universe, and still they serve as the main observational data to probe the late-time acceleration of the universe. In this work we consider the joint light curves (JLA) sample [52] 
Baryon Acoustic Oscillation distance measurements
For the Baryon acoustic oscillation (BAO) distance measurement data set, we use the measured ratio of We pick up only this data for BAO so as to minimize the use of data sets which are correlated. We refer to the Ref. [56] for some supportive argument.
Cosmic Microwace Background data
The cosmic microwave background (CMB) data from Planck 2015 measurements [57, 58] have been used in our analysis. Here, we combine the likelihood of full Planck temperature-only C 
COSMOLOGICAL CONSTRAINT RESULTS
The total likelihood for our analysis follows L ∝ e For the present interacting dark energy (IDE) model, we modify the publicly available code CAMB [59] where we add a numerical algorithm. Then we call this numerical algorithm in order to solve the background equations and for each data set we calculate the corresponding χ 2 values. Finally we call CosmoMC, a markov chain monte carlo simulation method to explore the cosmological parameter space. Here we have the following tendimensional parameter space
where Ω b h 2 and Ω dm h 2 , respectively, stand for the density of the baryons and dark matter, Θ S = 100θ M C refers to the ratio of sound horizon and angular diameter distance, τ indicates the optical depth, δ, w 0 , w β , β are the characteristic parameters of the IDE model, n s is the scalar spectral index, and A s represents the amplitude of the initial power spectrum.
In Table I , we summarize the results of the current interacting scenario using the latest observational data CC + H 0 + JLA + BAO + CMB (Planck TT + lowP) while in Fig. 2 we show the 68.4%, 95.5%, and 99.7% confidence-level contour plots for different pairs of free parameters of the interacting scenario as well as the one dimensional marginalized distribution of individual free parameters. In the contour plots, along with δ, w 0 , β, w β and Ω m0 , we also take into account σ 8 which is a measure of the amplitude of the linear power spectrum on the scale of 8h −1 Mpc. From our analysis, we find that the interaction term δ is compatible with zero within the 1σ confidence limit. On the other hand, from Table I , it is clearly seen that although the mean value of w 0 goes beyond the '−1' boundary but its best fit value still represents a quintessential dark energy in presence of the interaction between the dark sectors. Further, one may notice that the interacting model can relieve the tension on H 0 as observed independently by the recent Planck's estimation (H 0 = 67.27 ± 0.66 km/s/Mpc) [1] and the local measurements by Riess et al (H 0 = 73.24 ± 1.74 km/s/Mpc) [51] within the ΛCDM framework. This tension can be relieved at about 2σ confidence level in the direction of Planck's measurements [1] . However, one may expect this decrease in tension due to enlargement of the parameter space. In the following subsection we shall present some other cosmological consequences that are directly related to the interaction parameter, δ. Table I . We note that the curves for δ = 0 (black solid) and δ = 0.00214 (red thick dashed) are almost indistinguishable. Table I . We see that the curves for δ = 0 (black solid) and δ = 0.00214 (red thick dashed) are almost indistinguishable Table I . Similar to the Figures 3 and 4 we find that the curves for δ = 0 (black solid) and δ = 0.00214 (red thick dashed) cannot be distinguished from each other. 
Cosmological Implications: Theoretical predictions of CMB temperature and matter power spectra
The interaction in the dark sectors can produce some effects, for instance in the CMB temperature power spectra as well as in the matter power spectra. In Figure 3 , the influences on the CMB temperature power spectra have been shown for different interaction parameter δ. Further, in order to show the relation between the interaction parameter δ and the moment of matter-radiation equality, we also plot the evolution curves of Ω m /Ω r in Figure 4 which shows that the increasing in the interaction parameter δ results in a decreasing density parameter of the effective matter Ω m , which also delays the moment of matter-radiation equality and hence, the sound horizon is increased. As a result, the first peak of CMB temperature power spectra is enhanced for higher values of δ as seen in Figure 3 . Further, at large scales (l < 100), the integrated Sachs-Wolfe (ISW) effect becomes dominant, the parameter δ quantifying the interaction rate, affects the CMB power spectra via ISW effect due to the evolution of gravitational potential. In Fig. 5 , we plot the influence of the interaction on the matter power spec- trum P (k). We find that the evolution is just the opposite of the CMB temperature power spectra depicted in Figure 3 . Now, with the increasing values of δ, meaning a stronger interaction, the matter power spectra P (k) are depressed due to the late matter-radiation equality. The case of δ = 0.00214 (which corresponds to the interacting scenario with the mean value of δ) and that of δ = 0 (corresponds to the uncoupled wCDM model) are almost same as depicted from the latest observational data.
AN INTERATION BETWEEN DE AND DM OR A SMALL PRESSURE ?
So long as δ is a constant, the evolution ansatz ρ dm = ρ dm,0 a −3+δ as in equation (5) clearly indicates that this can be achieved by means of an equation of state p = ηρ, (where δ = −3η) without any interaction, i.e., with Q = 0. This δ, with its new connotation, can now be constrained by the observational data. With the same equation of state for the dark energy as in (13) , the Hubble function can be written as
With the same statistical analysis, we find an interesting result that it is indeed possible to have small positive value of η, consistent with the observations. The most likely value of η comes out to be "0.00062" indicationg a very small pressure for the dark matter. The summary of the mean values as well as the best-fit values of various parameters are given in Table II . Figure 6 contains 2D contours between various pairs of parameters and also 1D marginalized distribution of individual parameters.
The motivation behind this section is to show that the same evolution of the dark matter density as well as nearly identical observational quantities can be given by an interaction in the dark sector or eqivalently by means of a small pressure of the dark matter.
SUMMARY AND DISCUSSION
In this work we have considered an interaction between the dark energy and the cold dark matter where the rate of interaction is measured by a quantity 'δ', considered to be very slowly varying. The equation of state parameter w DE for the dark energy has been considered to be a variable as a general case. The variable EoS in DE has been taken as in (13) characterized by a parameter β which recovers some well known and frequently used DE parametrizations, such as CPL (eqn. (10)), linear (see eq. (11)), and logarithmic (see eqn. (12)). Now, using some recent data sets, namely, (i) the cosmic chronometers, (ii) local value of the Hubble parameter, (iii) Joint light curves of Supernovae Type Ia, (iv) baryon acoustic oscillations distance measurements and finally (v) the cosmic micorwave background, we have constrained the whole interacting scneario with the help of Markov Chain Monte Carlo (MCMC) algorithms. The results have been summarized in Table I and the contour plots for the free parameters have been shown in Figure 2 . From our analysis, we find that no interaction is compatible with observations within the 1σ confidence limit. This result is in agreement with some recent investigations where the EoS of DE was kept to be a constant [9, 10] .
It is noted that the interacting model could also alleviate the current tension at about 2σ confidence level in the ΛCDM based Hubble constant measurements by Planck collaborations [1] . However, this compatibility could be due to the enlargement in the parameter space.
One can see that the interaction parameter δ plays a role in some other sectors in cosmology. It is evident that the increasing value of the interaction parameter, i.e., δ, enhances the first peak in the CMB temperature power spectra (see Figure 3) ; delays the matter-radiation equality (see Figure 4) ; and finally makes a clear deviation in the matter power spectra for large l < 100 (see Figure 5 ).
If we pretend that there is no interaction in the dark sector, but there is rather a tiny pressure of the CDM, so that the evolution of the dark matter density is a bit different from a −3 and is given by a −3+δ , we see that the parameters constrained by observations are hardly different for the interacting scenario (see Tables I and  II )! The major difference is that δ = −3η is negative (as η > 0), so the matter density redshifts faster than a −3 as opposed to the interacting scenario where ρ m decays at rate slower than a −3 . This description has an advantage that as there is no flow of energy from one dark sector to another, there is no thermodynamic compulsion on the signature of η which is the constant equation of state parameter in this case. In fact a positive value is welcome as it does not invoke any exotic matter. This idea of reproducing the departure from the standard evolution of ρ dm through a small pressure rather than an interaction is indeed new, but perhaps not unphysical. The reason for assuming p = 0 for the CDM is that the energy is solely the rest energy. A tiny pressure would indicate that the energy is largely rest energy, but the kinetic energy, though much smaller, has a small contribution.
Tables I and II clearly indicate that the present value of the equation of state parameter, w DE , is very close to the phantom bound of '−1'. In fact, in the non-interacting case, i.e., when the particular evolution ansatz of the dark matter density is achieved via a small pressure, both the mean and the best-fit for w DE are beyond the phantom divide (< −1). For the interacting case, however, the best-fit value for w DE is marginally non-phantom (> −1). The nature of dark energy in this interacting scenario thus resembles that with a constant w DE in the presence of a background of neutrino distribution [10] but differs from that without any neutrino background [9] .
